Background: BMPs play important roles in regulating stem cell proliferation and differentiation. Using adenovirus-mediated expression of the 14 types of BMPs we demonstrated that BMP9 is one of the most potent BMPs in inducing osteogenic differentiation of mesenchymal stem cells (MSCs), which was undetected in the early studies using recombinant BMP9 proteins. Endogenous BMPs are expressed as a precursor protein that contains an N-terminal signal peptide, a prodomain and a C-terminal mature peptide. Most commercially available recombinant BMP9 proteins are purified from the cells expressing the mature peptide. It is unclear how effectively these recombinant BMP9 proteins functionally recapitulate endogenous BMP9. Methods: A stable cell line expressing the full coding region of mouse BMP9 was established in HEK-293 cells by using the piggyBac transposon system. The biological activities and stability of the conditioned medium generated from the stable line were analyzed. Results: The stable HEK-293 line expresses a high level of mouse BMP9. BMP9 conditioned medium (BMP9-cm) was shown to effectively induce osteogenic differentiation of MSCs, to activate BMP-R specific Smad signaling, and to up-regulate downstream target genes in MSCs. The biological activity of BMP9-cm is at least comparable with that induced by AdBMP9 in vitro. Furthermore, BMP9-cm exhibits an excellent stability profile as its biological activity is not affected by long-term storage at -80°C, repeated thawing cycles, and extended storage at 4°C. Conclusions: We have established a producer line that stably expresses a high level of active BMP9 protein. Such producer line should be a valuable resource for generating biologically active BMP9 protein for studying BMP9 signaling mechanism and functions.
Introduction
As members of the TGFβ superfamily, bone morphogenetic proteins (BMPs) play an important role in stem cell proliferation and differentiation during development [1] [2] [3] [4] [5] [6] . Deletions of BMPs resulted in various skeletal and extraskeletal developmental abnormalities [3, 7, 8] . Several BMPs have been shown to regulate osteoblast differentiation of mesenchymal stem cells (MSCs) [4] [5] [6] [7] 9] . As multipotent progenitors, MSCs can undergo self-renewal and differentiate into multi-lineages, including osteogenic, chondrogenic, and adipogenic lineages [6, [9] [10] [11] [12] [13] [14] .
We conducted a comprehensive analysis of the osteogenic activity of 14 human BMPs, and found that BMP9 (aka, growth and differentiation factor 2, or Gdf2) is one of the most potent BMPs in promoting osteogenic differentiation of MSCs [6, 13, [15] [16] [17] [18] [19] [20] [21] . We further demonstrated that BMP9 regulates a distinct set of downstream targets in MSCs [17] [18] [19] [20] . BMP9 was originally identified from fetal mouse liver cDNA libraries, and is a relatively less well characterized member of the BMP family [22] even though BMP9 is highly expressed in the developing mouse liver [22, 23] . It has been reported that BMP9 plays role in regulating glucose and iron homeostasis in liver [24, 25] , acts as a potent synergistic factor for hematopoietic progenitor generation and colony formation [26] , and plays a role in the induction and maintenance of the neuronal cholinergic phenotype in the central nervous system [27] . However, conflicting results have implicated BMP9 as either an angiogenesis inducer in endothelial cells [28] [29] [30] [31] [32] [33] [34] or as a potent anti-angiogenic factor [35] .
Interestingly, in early studies the recombinant human BMP9 protein was shown to exert negligible osteoinductive activity in vivo [22] , while we and others have demonstrated that exogenously expressed BMP9 is highly capable of inducing osteogenic differentiation [6, 9, 15, 16, 36] . BMPs are synthesized as precursor proteins, containing the N-terminal signal peptide, a prodomain and the C-terminal mature peptide [3, 12, 13, 37, 38] . Several BMP-based products, mostly recombinant human BMP2 (rhBMP2), rhBMP7 (or osteogenic protein-1, OP-1) and bovine bone-derived BMP extracts, have been evaluated pre-clinically and clinically for applications in which bone induction is desired [6, 13, 37, 39, 40] . Both rhBMP2 and rhBMP7 are produced by using mammalian cell lines, such as Chinese hamster ovary (CHO) cells. However, the traditional recombinant protein purification approaches failed to demonstrate the strong osteogenic activity of BMP9 [41, 42] . Although there are several commercial sources of recombinant BMP9, most of them are only produced the processed mature peptide. It remains unclear how effectively these recombinant BMP9 proteins can functionally recapitulate the endogenously produced BMP9 because BMP9 is one of the least studied BMPs and many aspects of its biological functions are yet to be fully understood [3, 12, 13] .
In this study, we sought to establish and characterize a producer cell line that stably expresses a high level of active BMP9 protein. Using the piggyBac transposon system to express the full coding region of mouse BMP9 gene, we established a stable HEK-293 line that expresses a high level of mouse BMP9. The BMP9 conditioned medium (BMP9-cm) was shown to effectively induce osteogenic differentiation, to activate BMP-R specific Smad signaling, and to up-regulate downstream target genes in MSCs. The biological activity of BMP9-cm was shown to be at least comparable with that induced by the AdBMP9 adenoviral vector in vitro. Furthermore, the BMP9-cm was shown to exhibit an excellent stability profile as its biological activity was not significantly affected by long-term storage at -80°C, repeated thawing cycles, and extended storage at 4°C. Therefore, the reported BMP9 producer line should be a valuable resource for generating biologically active BMP9 protein to study the basic mechanism and function of BMP9 signaling in economical and convenient fashion.
Materials and methods

Cell culture and chemicals
Human HEK-293 cells were obtained from ATCC (Manassas, VA). Mouse mesenchymal progenitor cells iMEFs were established and previously characterized [43] . Both lines were maintained in complete Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum (FBS, Hyclone, Logan, UT), 100 units/ml penicillin, and 100 µg/ml streptomycin at 37°C in 5% CO2. The recently engineered 293pTP line was used for adenovirus amplification [44] . Unless indicated otherwise, all chemicals were purchased from either Sigma-Aldrich (St. Louis, MO) or Thermo Fisher Scientific (Pittsburgh, PA).
Construction and generation of the stable HEK-293 cell line expressing high level of mouse BMP9 using the piggybac transposon vector system
The coding region of mouse BMP9 was PCR amplified from a mouse EST clone and subcloned into our homemade piggyBac vector PBC2 [44] [45] [46] [47] . The PCR amplified fragment and cloning junctions were veri-fied by DNA sequencing. The resultant plasmid was designated as PBC2-mBMP9. Detailed information about vector construction and sequences is available upon request.
To establish a stable cell line expressing mouse BMP9, subconfluent HEK-293 cells were co-transfected with PBC2-mBMP9 and pCMV-PBase (an expression vector for piggyBac transposase, PBase) using Lipofectamine® Transfection Reagent (Life Technologies, Grand Island, NY) according to manufacturer's instructions [44, 46, 47] . At 36h after transfection, the cells were subjected to blasticidin S selection (at final concentration of 5µg/ml). The established stable line was designated as 293-BMP9 line. A control stable line was also established by co-transfecting PBC2 and pCMV-PBase into HEK-293 cells, resulting in the 293-Control line.
Large-scale preparation of BMP9 conditioned medium (BMP9-cm)
For large scale preparation of BMP9-cm, the exponentially proliferating 293-BMP9 cells were freshly seeded into 150mm cell culture dishes in complete DMEM at 70-80% confluence. After cells were attached (usually 2-4 hours after plating), the complete DMEM was carefully removed and replaced with 20ml per dish of Opti-MEM® I (Life Technologies) for additional 48 hours. The culture medium, designated as BMP9-cm, was collected, centrifuged to remove cell debris, and aliquoted and stored at -80°C. The control medium (i.e., Con-cm) was prepared from 293-Control cells in a similar fashion.
Generation and amplification of recombinant adenoviruses AdBMP9 and AdGFP
Recombinant adenoviruses were generated using the AdEasy technology [48, 49] . The coding region of human BMP9 was PCR amplified and cloned into an adenoviral shuttle vector for generating recombinant adenoviruses in HEK-293 or 293pTP cells [44] . The resulting adenovirus was designated as AdBMP9, which co-expresses GFP [50, 51] . The adenovirus expressing only GFP (AdGFP) was used as controls [52, 53] . For all adenoviral infections, polybrene (4-8µg/ml) was added to enhance infection efficiency as previously reported [54] .
RNA isolation and quantitative real-time PCR (qPCR) analysis
Total RNA was isolated by using TRIZOL Reagents (Life Technologies) and subjected to reverse transcription with hexamer and M-MuLV reverse transcriptase (New England Biolabs, Ipswich, MA). The cDNA products were used as PCR templates. The qPCR primers (Table S1 ) were designed with Primer3 program for the genes of interest (approximately 150-250bp) [55, 56] . SYBR Green-based qPCR analysis was carried out by using CFX-96 Connect (Bio-Rad, CA) as described [57] [58] [59] [60] [61] . All qPCR reactions were done in triplicate. Mouse Gapdh was used as a reference gene.
Alkaline phosphatase (ALP) assays
The ALP activity was qualitatively and quantitatively assessed as described [62] [63] [64] . Experimentally, subconfluent iMEFs were either stimulated with conditioned medium or infected with adenoviral vectors. At the indicated time points, ALP activity was measured quantitatively using the modified Great Escape SEAP Chemiluminescence assay kit (BD Clontech) and qualitatively with histochemical staining assay (using a mixture of 0.1 mg/mL napthol AS-MX phosphate and 0.6 mg/mL Fast Blue BB salt) as described [53, 65] . Each assay condition was done in triplicate and repeated in three independent experiments. ALP activity was normalized by total cellular protein concentrations among the samples.
Alizarin Red S staining for in vitro matrix mineralization
Subconfluent iMEFs seeded in 24-well culture plates were treated with either conditioned medium or adenoviruses. The treated cells were cultured in complete DMEM containing ascorbic acid (50µg/mL) and β-glycerophosphate (10 mM) for 10 days [66, 67] . The mineralized matrix nodules were visualized by using Alizarin Red S staining as described [68, 69] . Briefly, cells were fixed with 0.05% (vol/vol) glutaraldehyde at room temperature for 10min, washed with distilled water, and incubated with 0.4% Alizarin Red S (Sigma-Aldrich) for 5min, followed by being washed with distilled water. The staining of calcium mineral deposits was recorded under bright-field microscopy.
Luciferase reporter assay
Exponentially growing cells were seeded in 25 cm2 cell culture flasks and transfected with 2µg per flask of the BMPR-Smad responsive luciferase reporter p12×SBE-Luc using Lipofectamine® Transfection Reagent. At 16h after transfection, cells were replated to 24-well plates, and then treated with conditioned medium or infected with adenoviruses. At 6, 12, 24, 48 h post treatment/infection, cells were lysed and subjected to luciferase assay using the Luciferase Assay kit (Promega, Madison, WI) [70, 71] . Each assay conditions were done in triplicate.
Immunofluorescence staining
Immunofluorescence assay was carried out as described [21, 72, 73] . Briefly, subconfluent cells were stimulated with BMP9-cm or Con-cm, for the indicated time the cells were fixed with methanol, permeabilized with 1% NP-40, and blocked with 10% donkey serum, followed by incubating with p-Smad1/5/8 antibody (Santa Cruz Biotechnology). After being washed, cells were incubated with a Texas Red-labeled secondary antibody (Santa Cruz Biotechnology). Stains were examined under a fluorescence microscope. Stains without primary antibodies, or with control IgG, were used as negative controls.
Statistical analysis
All quantitative experiments were carried out in triplicate and/or repeated three times. Data were expressed as mean ± SD. Statistical analysis was done by one-way analysis of variance and the student's t test. A value of p<0.05 was considered statistically significant.
Results and discussion
High level of expression of BMP9 can be accomplished in a stable 293 cell line engineered with the piggyBac transposon system Using the recombinant adenoviral vectors expressing the 14 types of BMPs in mesenchymal stem cells (MSCs), we were the first to demonstrate that BMP9 is one of the most potent BMPs to induce osteogenic differentiation in MSCs [6, 13, [15] [16] [17] [18] [19] [20] [21] . Previous attempts that failed to detect the osteogenic activity of BMP9's were largely due to the use of recombinant BMP9 proteins (especially the ones generated from prokaryotic cells) that exhibited significantly diminished biological activities, including osteogenic activity. In this study, we attempt to generate a stale mammalian cell line that produces high level of BMP9 protein in the culture medium, which can then be used for in vitro basic mechanistic studies.
While retroviral or lentiviral system is commonly-used vectors for establishing stable cell lines, we have demonstrated that the piggyBac transposon system is superior to retroviral and/or lentiviral vectors in terms of transgene expression [44, 46, 47] . Furthermore, we demonstrated that CMV is one of the strongest promoters in piggyBac-mediated transgene expression in HEK-293 cells [47] . Thus, we subcloned the full coding region of mouse BMP9 into our modified piggyBac vector PBC2, in which BMP9 is driven by the CMV promoter (Fig. 1A) [44, 46, 47] , resulting in PBC2-mBMP9. This vector confers blasticidin S resistance. Subsequently, the stable 293 cell line, 293-BMP9, which expresses mouse BMP9, was obtained by co-transfecting PBC2-mBMP9 and a piggyBac transposase expression vector into HEK-293 cells. The empty PBC2 vector was used to make the control cell line 293-Control.
We next tested the expression of mouse BMP9 in the stable line. Since there have not been good commercially available BMP9 antibodies for Western blotting, we examined mouse BMP9 expression using qPCR analysis, and found that the expression of mouse BMP9 in 293-BMP9 cells was 110 times higher than that in 293-Control cells (p<0.001) (Fig. 1B) , strongly suggesting that the 293-BMP9 stable line may produce a high level of BMP9 protein.
BMP9 conditioned medium (BMP9-cm) effectively induces osteogenic differentiation of mesenchymal stem cells
To determine the biological activity of the prepared BMP9-cm, we first analyzed its ability to induce early osteogenic marker alkaline phosphatase (ALP) in our previously characterized MSC line iMEFs [43, 46] . We found that BMP9-cm induced ALP activity was readily detectable at as low as 6.25% at day 3 although there was a trend of increased ALP activity in a dose-dependent manner ( Fig. 2A panel a) and time-dependent fashion ( Fig. 2A  panel b) . At the final concentration of 25%, BMP9-cm induced robust ALP activity, which is comparable with that induced by AdBMP9 (at optimal MOI=10) ( Fig. 2A) . Quantitative analysis of the BMP9-cm induced ALP activity showed a similar trend as the highest ALP activities were found in the iMEFs stimulated with BMP9-cm at 50% concentration, which is several times higher than that stimulated with AdBMP9 (Fig. 2B) . These results suggest that the prepared BMP9-cm at certain concentrations may be equally effective, if more effective than, compared with the adenovirus-mediated BMP9 expression in inducing osteogenic differentiation.
We also tested the ability of the BMP9-cm to induce in vitro matrix mineralization in the MSCs. When iMEFs were simulated with BMP9-cm, Con-cm, or infected with AdBMP9 or AdGFP, a significant amount of mineral nodules were formed in BMP9-cm stimulated MSCs, and to a lesser extent in the AdBMP9-transduced cells (Fig. 2C) , suggesting that the BMP9-cm may be highly effective in inducing osteogenic differentiation of MSCs.
BMP9-cm effectively activates the Smad signaling pathway and up-regulates the expression of downstream target genes
We further analyzed the biological activity of BMP9-cm at molecular mechanistic levels. First, we analyzed the ability of BMP9-cm to activate BMP-R specific Smad reporter, e.g., p12xSBE-Luc [74] . When the reporter-transduced iMEFs were stimulated with BMP9-cm, the luciferase activity significantly increased at as early as 6h after simulation, and continued to increase up to 48 hours after stimulation (Fig.  3A, panel a) . When using AdBMP9, we found that that AdBMP9 did not induce any significant luciferase activity until 24h after infection although the luciferase activity was significantly higher at 48h (Fig. 3B,  panel b) , suggesting that AdBMP9-transduced cells may continuously produce BMP9 protein and hence activate the Smad signaling pathway. Secondly, since the phosphorylation and nuclear translocation of BMP-R specific Smad1/5/8 is considered one of the earliest BMP signaling events [3, 75] , we analyzed the location of phosphorylated Smad1/5/8 protein upon BMP9-cm stimulation. Using immunofluorescence staining, we found that BMP9-cm induced an apparent increase in phosphorylated Smad1/5/8 proteins, which were mostly localized in cell nucleus (Fig. 3B) , indicating that BMP9-cm can effectively activate the BMPR-specific Smads in MSCs.
Furthermore, we determined the ability of BMP9-cm to up-regulate downstream target genes. Through gene expression profile analysis, we previously demonstrated that BMP9 can effectively induce the expression of multiple downstream target genes, including Smad6, Smad7, Id1, Id2, Id3, and CCN1 [17] [18] [19] . We stimulated iMEFs with BMP9-cm or Con-cm and isolated RNA samples at 12h, 24h, and 48h after stimulation. We also infected iMEFs with AdBMP9 or AdGFP as controls. We found five of the early target genes, e.g., Smad6, Smad7, Id1, Id2, and Id3, were significantly induced by BMP9-cm, and only CCN1 was induced at 24h after BMP9-cm stimulation (Fig. 4) . As expected, AdBMP9-transduced iMEFs exhibited higher levels of expression of these target genes at 48h (Fig. 4) . Taken together, these results have demonstrated that BMP9-cm can effectively activate the Smad signaling pathway and up-regulate the expression of downstream target genes.
BMP-cm is biologically effective and stable
We further compared the biological activity of BMP-cm with the purified BMP9 protein and different titers of AdBMP9, in terms of inducing ALP activity. We tested three titers of AdBMP9 (Fig. 5A ) and three concentrations of rhBMP9. The rhBMP9 was kindly provided by HumanZyme (Chicago, IL), which was the purified BMP9 protein from the cell medium collected from an engineered HEK-293 cell line overexpressing the full-length coding region of human BMP9. We found that ALP activities induced by BMP9-cm at 20% and 50% were comparable with that induced by rhBMP9 at 10ng/ml and 20ng/ml, respectively (Fig. 5B) , both of which were about equal or higher than that in AdBMP9-transduced cells (Fig.  5B) . The slightly lower ALP activity in AdBMP9-transduced iMEFs may be caused by the fact that the ALP activity assays were conducted at an early time point (day 3 after infection) in these samples. Nonetheless, these results demonstrate that BMP9-cm is as effective as the purified BMP9 protein. Subconfluent iMEFs were stimulated with BMP9-cm or Con-cm (at 25% concentrations), or infected with AdBMP9 or AdGFP (MOI=10), and maintained in 1% FBS DMEM. At the indicated time points, total RNA was isolated using TRIzol reagents, subjected to reverse transcription reactions, and quantitative real-time PCR (qPCR) analysis using primers specific for mouse Smad6, Smad7, Id1, Id2, Id3, and CCN1 transcripts. Lastly, we carried out series of experiments to test the long-term stability of BMP9-cm. We first examined the effect of long-term -80°C storage on BMP9's biological activity. When the iMEFs were stimulated with the freshly prepared BMP9-cm and the BMP9-cm samples stored at -80°C for 15 days and 30 days, we found that the three batches of samples induced the ALP activities at a similar level (p=0.526) (Fig. 6A) . We next tested the effect of repeated thawing of the BMP9-cm samples on BMP9's and found that the same preparation retained a similar level of BMP9 activity after five freezing-thawing cycles (p=0.452) (Fig. 6B) . Lastly, we tested the stability of the BMP9-cm preparations that were kept at 4°C for up to one week and found that BMP9-induced ALP activity remained relatively unchanged (p=0.612) (Fig. 6C) . Taken together, these results demonstrate that the BMP9-cm preparations are fairly stable and suitable for long-term storage. These properties should render BMP9-cm economical and convenient for many in vitro functional and mechanistic studies of BMP9 actions.
Post-translational modifications may play an important role in regulating BMP9's biological activities
As for other members of the TGFβ/BMP superfamily, BMP9 is synthesized as a long precursor protein, containing an N-terminal signal peptide, a prodomain and a C-terminal mature peptide [3, 12, 13, 37, 38] . BMP monomers are stabilized by the six-cystine knot, and BMPs are usually secreted in homomeric dimer form. The dimer is stabilized by the seventh cysteine within each monomer [76] . Serine endoproteases cleave BMP proproteins within trans-Golgi network, yielding mature protein for secretion [77] . A recent study reported that the prodomain of BMP4 is necessary and sufficient to generate stable BMP4/7 heterodimers with enhanced bioactivity in vivo [78] , suggesting an important role for the prodomain in dimerization.
BMPs are intrinsically stable proteins due to their tightly folded, disulfide bond-stabilized structures [37, 39] . Recombinant human BMP2 (rhBMP2), rhBMP7 (or osteogenic protein-1, OP-1), bovine bone-derived BMP extracts, were evaluated pre-clinically and clinically for several applications to enhance bone formation [6, 13, 37, 39, 40] . Commonly used rhBMP2 and rhBMP7 are manufactured using mammalian production cell lines, such as CHO cells. As mammalian cells are used to synthesize these BMPs, the recombinant proteins should be dimerized, processed by removal of the propeptide, and glycosylated as are the naturally occurring BMP molecules. Figure 6 . BMP9-cm exhibits stable long-term biological activity. (A) Effect of -80°C storage on BMP9-cm's biological activity. The large-scale prepared BMP9-cm was stored in -80°C freezers. Aliquots of BMP9-cm (at 25% concentration) were thawed and used to stimulate subconfluent iMEFs. ALP activity was determined after 3 days of stimulation. Assays were done in triplicate (p=0.526). (B) Effect of freezing-thawing (FR) cycles on BMP9-cm's bioactivity. Aliquots of BMP9-cm were frozen at -80°C and thawed at 4°C, which constitutes one FR cycle. The aliquots were subjected to up to 5 FR cycles. BMP9-cm aliquots with varied FR cycles (at 25% concentration) were used to stimulate subconfluent iMEFs. ALP activity was determined at 3 days after stimulation. Assays were done in triplicate (p=0.452). (C) Effect of 4°C storage time on effect on BMP9-cm's bioactivity. Aliquots of BMP9-cm were stored at 4°C for the indicated time points. The BMP9-cm aliquots with varied storage lengths (at 25% concentration) were used to stimulate subconfluent iMEFs. ALP activity was determined at 3 days after stimulation. Assays were done in triplicate (p=0.612).
However, the traditional recombinant protein purification approaches failed to demonstrate the strong osteogenic activity of BMP9. Using adenovirus-mediated gene expression of the 14 types of BMPs in MSCs, we found that BMP9 exhibits the highest osteogenic activity both in vitro and in vivo [6, 13, [15] [16] [17] [18] [19] [20] [21] . There are several commercial sources of recombinant BMP9. However, most of these recombinant proteins are only produced based on the processed mature peptide sequence. Although there are some published reports using some of the recombinant BMP9 proteins, it remains unclear how effectively the recombinant BMP9 protein faithfully reproduces the endogenously produced BMP9 as BMP9 is one of the least studied BMPs and many aspects of its biological functions are yet to be fully understood [3, 12, 13] . In our unpublished studies, we found that rhBMP9 proteins from at least two different commercial sources exhibited significantly weaker osteogenic activity, compared with that induced by AdBMP9. Using the purified BMP9 produced from the full-length coding region of human BMP9 in 293 cells (provided by HumanZyme, unfortunately not commercially available yet), we found this recombinant BMP9 effectively induces osteogenic differentiation of MSCs, comparable with that induced by AdBMP9 in vitro.
Conclusion
In order to overcome the unavailability of biologically active BMP9 protein for in vitro functional and mechanistic studies, we engineered the 293-based BMP9 producer line using the piggyBac transposon system. Our results demonstrated that the prepared BMP9 conditioned medium is highly effective in inducing osteogenic differentiation of MSCs and fairly stable after long-term storage or repeated thawing cycles. Therefore, the reported BMP9 producer line should be a valuable resource for providing biologically active and stable BMP9 protein in an economical and convenient fashion. Table S1 . http://www.medsci.org/v13p0008s1.pdf
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